A synthetic human V L phage display library, created by the randomization of all complementarity-determining regions (CDRs) in a V L scaffold, was panned against three test antigens to determine the propensity of the library to yield non-aggregating binders. A total of 22 binders were isolated against the test antigens and the majority (20) were monomeric. Thus, human V L repertoires provide an efficient source of non-aggregating binders and represent an attractive alternative to human V H repertoires, which are notorious for containing high proportions of aggregating species. Moreover, the solubility of V L s, in contrast to V H s, appears much less CDR dependent. Keywords: human single-domain antibody/non-aggregating/ synthetic phage display library/V H /V L
Introduction
With several single-domain antibodies (sdAbs) in clinical trials (http://clinicaltrials.gov/; http://www.ablynx.com/; http:// www.gsk.com), this robust class of recombinant antibodies is poised to be part of the next generation of antibody therapeutics. However, there are still concerns over the in vivo immunogenicity of non-human sdAbs (i.e. V H Hs, V NAR s) destined for intravenous applications (Holt et al., 2003; Holliger and Hudson, 2005; Wesolowski et al., 2009) . Human sdAbs (i.e. V H s and V L s) overcome immunogenicity issues, but their development has traditionally been hampered because of a tendency for aggregation (Holt et al., 2003; Jespers et al., 2004; Christ et al., 2007; Arbabi-Ghahroudi et al., 2009a,b; Kim and Tanha, 2010) although it has been suggested that aggregation is less of an issue with human V L s compared with V H s (Dubnovitsky et al., 2000; Ewert et al., 2003) .
Human sdAb affinity reagents have been obtained from several synthetic display libraries (Soderlind et al., 1995; van den Beucken et al., 2001; Paz et al., 2005; Arbabi-Ghahroudi et al., 2009a . Although a number of synthetic V L display libraries have been constructed, the aggregation status of library members was either not assessed (Soderlind et al., 1995; Paz et al., 2005) , or characterized in a limited and unconvincing fashion (van den Beucken et al., 2001) . As aggregation compromises overall library performance and the therapeutic efficacy of sdAbs (e.g. by exacerbating immunogenicity), evaluating protein aggregation is a critical step in library characterization.
In this brief communication, we describe the generation and subsequent assessment of a synthetic human V L phage display library. The library was constructed on a human V L scaffold, which belongs to the human V k 1 family and was shown to possess such favorable biophysical characteristics as non-aggregation, good bacterial expression yields, reversible thermal unfolding and protein L binding. We demonstrate that the synthetic human V L phage display library-in sharp contrast to their human V H counterparts-yields a high propensity of non-aggregating, monomeric human sdAb binders.
Materials, methods and results

Human V L phage display library construction
A synthetic V L phage display library was constructed based on a previously identified human V L (HVLP324, Fig. 1a ). HVLP324 showed desirable properties, including resistance to aggregation, as evident from its monomeric size exclusion chromatogram (SEC) profile (Fig. 1b) , good expression (yields of 7 mg/l of bacterial culture in shaker flasks), reversible thermal unfolding and protein L binding. The library was constructed through in vitro mutagenesis of all three complimentarity determining regions (CDRs) via two separate rounds of random mutagenesis at select CDR1, CDR2 and CDR3 amino acid positions ( Fig. 1a ; Supplementary Data). First, HVLP324 was used as a scaffold to construct a CDR3-randomized library. Then, the CDR3-randomized library was used as a scaffold to construct the final CDR1/ CDR2/CDR3-randomized library. The two step library construction strategy was undertaken in order to decrease the percentage of library clones with one and/or two randomized CDRs. This is because, when all three CDR1/CDR2/CDR3 mutagenic primers are combined in one annealing/heteroduplex reaction, the heteroduplex formation should proceed with one, two and/or three mutagenic primers annealed. Using our approach, up to 18 positions were mutated in HVLP324 restricted to Ser or Gly codons and position 54 to Arg or Leu codons. The remaining positions were completely randomized. The use of three mutagenic oligonucleotides for CDR3 randomization allowed for the variation of CDR3 length, specifically 9, 10 and 11 amino acid residues. Sequencing of 80 randomly selected library clones revealed 85, 76 and 79% of the clones that were randomized in CDR1, CDR2 and CDR3, respectively, with 56% of the clones randomized in all CDRs (Fig. 1c) . Two of the 80 clones were parental HVLP324. In CDR3, 51, 27 and 22% of library clones had CDR3 lengths of 9, 10 and 11 amino acids, respectively. The increasing bias against clones with CDR3 lengths of 10 and 11 may have to do with the nature of the mutagenesis primers that introduce 3 and 6 nucleotide insertions, respectively, with respect to the library scaffold. Overall, a biased randomization in favor of parental HVLP324 V L residues was observed (Fig. 1d) , suggesting that the Kunkel method of mutagenesis employed here facilitates library construction but compromises diversity. Following library construction, panning against three test antigens was performed.
Construction and expression of the GST-F80 test antigen
A fragment of Clostridium difficile toxin B (TcdB), one of the test antigens used for panning against the V L library, was prepared as follows. Two DNA constructs encoding the C-terminal 80 amino acids of TcdB from C. difficile strain 10463 (Barroso et al., 1990) were synthesized and assembled by GeneArt (Regensburg, Germany). The first construct encoded the C-terminal 80 amino acid TcdB fragment (TcdBF80), in the pET-21b(þ) expression vector with a C-terminal His 6 tag. The second construct encoded TcdBF80 as a C-terminal fusion to glutathione S-transferase (GST), in the pGEX-6P-2 expression vector (GE Healthcare, Baie-d'Ufré, QC, Canada), and is referred to as 'GST-F80'. The GST-F80 construct contained a PreScission TM protease site (GE Healthcare) and linker between GST and TcdBF80 ( Fig. 2a) . This construct did not contain a C-terminal His 6 tag. The constructs were transformed into electrocompetent TG1 Escherichia coli cells (Arbabi-Ghahroudi et al., 2009a) . A third construct (pGEX-6P-2) was transformed, which contained only the GST and the protease cleavage site and served as a source of unfused GST. Colony-polymerase chain reaction (PCR) (Arbabi-Ghahroudi et al., 2009a) and DNA sequencing were performed to identify TG1 E. coli colonies harboring the GST, GST-F80 or TcdBF80 constructs. The primer pair 5 0 pGEX and 3 0 pGEX was used to amplify GST and GST-F80 genes from pGEX-6P-2, while the primer pair T7For and T7Rev was used to amplify TcdBF80 gene from pET-21b(þ) (Supplementary Table SI) . The proteins GST, GST-F80 and TcdBF80 were expressed and purified (Supplementary Data). Initially, expression of TcdBF80 was attempted but failed to yield any detectable amount of TcdBF80 on a western blot probed with anti-His 6 IgG. To overcome this, we expressed TcdBF80 as a C-terminal fusion to GST (Fig. 2a) . GST and GST-F80 were easily expressed in E. coli and purified. Sodium dodecyl sulphate-polyacrylamide gel electrophresis (SDS-PAGE) analysis of the purified proteins showed GST and GST-F80 running at their expected molecular weights of 26.65 and 36.05 kDa, respectively (Fig. 2a) .
The panning strategy with GST-F80 was to utilize the protease cleavage site between GST and TcdBF80 for the release of V L -displaying phage bound to TcdBF80. Before proceeding with panning, a test cleavage of GST-F80 was performed with the PreScission TM protease at three different temperatures (4, 21 and 378C) to ensure the PreScission TM protease site was still accessible between the two fusion partners. Briefly, 3 mg of GST-F80 in 5.5 ml PBS was mixed with 1.5 ml of 10Â cleavage buffer (500 mM Tris-HCl, pH 7.0, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid [EDTA], 1 mM dithiothreitol) and 1 ml of PreScission TM protease (stock from GE Healthcare; 2 units/ml) in a total volume of 15 ml. The reactions were incubated at the various temperatures for 2 h and analyzed by SDS-PAGE. After 2 h, almost complete digestion of GST-F80 into GST and TcdBF80 was observed, at all temperatures (Fig. 2a) . This suggested that proteolytic elution of V L -displaying phages from surface-immobilized GST-F80 was possible during panning.
V L library panning, phage ELISA and soluble V L expression
In the instance of the TcdBF80 test antigen, V L library panning was performed by pre-incubating V L -displaying phages with GST, followed by incubation with the GST-F80 fusion protein (Supplementary Data). This process, referred to as subtractive panning, is performed to eliminate GST-specific V L s from the pool before incubation with GST-F80. Elution of the V L -displaying phages from GST-F80 was performed via proteolytic separation of TcdBF80 from GST, allowing for the recovery of V L -displaying phages specific to TcdBF80. After four rounds of panning the V L -phage display library (Fig. 2b) and sequencing of 106 round 4 clones, 17 unique V L s were identified. A phage enzyme-linked immunosorbent assay (ELISA) (Fig. 2c) revealed that 16 of the 17 V L s recognized GST-F80 (i.e. the protein used for panning), while 4 of the 17 V L s recognized whole native TcdB from C. difficile strain 10463. GST was expressed as a control protein for panning experiments. GST-F80 is a fusion protein consisting of GST at the N-terminus and 80 amino acid fragment of the TcdB cell receptor binding domain at the C-terminus. The PreScission TM protease site, denoted 'P', connects GST and the TcdB sequence. The arrow shows the protease cleavage site. The bolded amino acid residues (LGS) represent a short linker region. (a, right) Non-reducing (NR) SDS-PAGE analysis of GST and GST-F80 after purification from a GSTrap TM FF column, and subsequent proteolytic cleavage of the GST-F80 fusion protein with PreScission TM protease. The protease successfully cleaves GST-F80 into GST and TcdBF80, at all of the temperatures tested (4, 21 and 378C for 2 h). Proteolytic cleavage of GST-F80 was used for the dissociation and recovery of V L -displayed phage during panning. M: molecular weight markers given in kDa. (b) Overview of the V L phage display library panning process. V L library phages were incubated with surface-immobilized GST before incubation with surface-immobilized GST-F80 in order to remove GST-specific binders. The V L -displaying phages that were bound to immobilized GST-F80 were eluted by the addition of PreScission TM protease and amplified for additional rounds of panning (4Â in total). (c) Phage ELISA on 17 unique V L clones isolated after four rounds of panning. Phages displaying V L s were incubated with wells containing GST, GST-F80 and native TcdB purified from C. difficile strain 10463. An anti-phage IgG conjugated to HRP was used for the detection of binding. Four of the 17 V L clones bound to TcdB (asterisks) and were selected for subcloning, soluble expression and functional characterization. The phage ELISA also demonstrated that none of the 17 V L s cross reacted with GST, suggesting our subtractive panning and proteolytic elution strategies were effective. The frequency of the 4 TcdB-binding V L s among the 106 round 4 clones sequenced were 16.0, 15.1, 4.2 and 0.9% for B4, B5, B17 and B12, respectively. The four V L s that were shown to bind TcdB were subcloned into the pSJF2H expression vector by PCR amplification, using the HV L 24-BamHI and HV L 24-BbsI primer pair (Supplementary Table SI) , and digestion with BamHI and BbsI restriction enzymes (Arbabi-Ghahroudi et al., 2009a) . The pSJF2H vectors containing V L s were transformed into electrocompetent TG1 E. coli for protein expression using the 5-day M9 media method (Arbabi-Ghahroudi et al., 2009a) and purified using immobilized metal ion affinity chromatography as previously described (Hussack et al., 2011) . Each of the four V L s yielded between 2.7-5.9 mg of purified protein per liter of bacterial culture in shaker flasks. The sequences and properties of the four V L s are described in Fig. 3a and Supplementary Table SII. In addition to the TcdB test antigen, two mammalian cell lines, PC12 (Greene and Tischler, 1976) and Jurkat (Schneider et al., 1977) , were used for panning against the V L library. A total of 10 (PC12) and 8 (Jurkat) cell surface-antigen binders were isolated, expressed and purified (Fig. 3a, Supplementary Table SII) . These binders, along with four TcdB-binding V L s, were assessed for their aggregation status (see 'Assessing the aggregation status of V L binders' below). (Isolation, expression and purification of PC12-and Jurkat-specific V L s are described in separate manuscripts.)
Anti-TcdB V L characterization
In case of the TcdB-binding V L s, ELISA and surface plasmon resonance (SPR) analysis were also performed. To analyze V L binding by ELISA, GST and GST-F80 were immobilized in microtiter plate wells (0.5 mg/well, 48C, 20 h). After blocking with 3% (w/v) milk diluted in PBS þ 0.005% Tween 20 (378C, 2 h), serial dilutions of purified V L s were incubated for 1 h at 378C. Wells were washed with 5Â300 ml of phosphate-buffered saline with Tween 20 (PBST) and V L binding was detected with a 1 h incubation at room temperature with rabbit anti-His 6 IgG conjugated to horseradish peroxidase (HRP, Cedarlane, Burlington, ON, Canada). A final PBST wash precluded the addition of HRP substrate, and the absorbance was read at 450 nm. Soluble ELISA demonstrated specific, concentration dependent binding of V L s to immobilized GST-F80 (data not shown).
SPR analysis was performed using a Biacore 3000 instrument (GE Healthcare). A total of 953 resonance units (RUs) of GST-F80 and 882 RUs of GST were immobilized onto CM5 dextran chips in 10 mM acetate buffer at pH 4.0. The remaining immobilization conditions were the same as those described for TcdA (Hussack et al., 2011) . Monomeric V L s collected by SEC (see 'Assessing the aggregation status of V L binders' below) were flowed over immobilized and GST, at V L concentrations ranging from 10 nM to 10 mM, and the response generated from binding to GST was subtracted from the response generated from binding to GST-F80. Steady state analysis and the Biacore BIAevaluation 4.1 software were used to determine the affinity constants of each V L . To ensure the parental V L domain did not inherently bind GST-F80, we first passed HVLP324 over immobilized GST-F80. At two test concentrations (1 and 5 mM), HVLP324 did not interact with GST-F80 (Fig. 2d) . SPR analysis and steady-state plots revealed two of the four V L s isolated from library panning possessed mid-nM affinity constants for GST-F80 (Fig. 2e -h ). The K D s of clones B4 and B5 were 237 and 318 nM, respectively, which are strong affinities for human V L s isolated from a synthetic library. B4 and B5 were also the most frequently occurring clones among the four TcdB-binding V L s identified in round four of panning. It is possible that the protease elution method, as applied here, leads to preferential enrichment of higher-affinity binders in multivalent phage display formats. Overall, this data indicates the parental V L domain, HVLP324, did not recognize the target GST-F80 antigen, and that randomization of CDR regions in the library resulted in V L s specific for the GST-F80 test antigen.
Assessing the aggregation status of V L binders SEC analysis was performed on all V L s to assess their aggregation status (Fig. 3) . SEC was carried out as previously described (Arbabi-Ghahroudi et al., 2010), using SEC running buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA and 0.005% (v/v) P20 surfactant) and a Superdex TM 75 column under the control of an Ä KTA FPLC at 218C. Purified V L s were stored at 48C (never frozen) for up to 2 weeks before being injected over the Superdex TM 75 column at concentrations ranging from ffi20 to 70 mM. Of the 22 V L s subjected to SEC, 20 were found to be nonaggregating and monomeric (all at or approaching 100% monomer peaks), suggesting the library scaffold's (HVLP324) biophysical properties were maintained in most of the library clones (Fig. 3a -d) . The two aggregating V L s, clones N10 and N31, were calculated by area integration of SEC peaks (Arbabi-Ghahroudi et al., 2010) to contain 72.6 and 69.2% monomer peaks, respectively. The elution volumes (V e s) of V L s ranged from 11.89 to 14.62 ml (mean V e + SEM of 12.73 + 0.14 ml, n ¼ 22; Fig. 3e ; Supplementary Table SII) . As expected, the mean V e for these non-aggregating monomeric V L s was slightly higher than that of a set of monomeric llama V H Hs (mean V e + SEM of 12.35 ml + 0.09, n ¼ 6; (Hussack et al., 2011) ) and much higher than that of a 3D structurally determined V H dimer (V e ¼ 9.87 ml; Fig. 3e ; Baral et al., 2012) . To confirm that the V L s were in fact non-aggregating and monomeric, we generated a Superdex TM 75 standard curve by plotting the V e s of (i) the monomeric llama V H Hs (MW ¼ 15 730-16 910 Da), (ii) the V H dimer (MW ¼ 31 048 Da), (iii) vitamin B (MW ¼ 1355 Da; GE Healthcare) and (iv) cytidine (MW ¼ 243 Da; GE Healthcare) ( Fig. 3e ; Supplementary Fig. S1 ), and then from the equation of the (LOG 10 MW) vs (V e ) standard curve we calculated the V L apparent MWs (MW app s; Supplementary Table SII (Ewert et al., 2002; Ewert et al., 2003; Jespers et al., 2004; Arbabi-Ghahroudi et al., 2009a,b) .
In conclusion, our synthetic human V L phage display library should serve as a universal source of therapeutics, diagnostics and research tools. Such a library also presents a preferred alternative to human V H repertoires for obtaining non-aggregating therapeutics. Moreover, our data indicate that the solubility of V L s, in contrast to V H s, is less affected by sequence variations in CDRs making V L s the preferred scaffolds for constructing synthetic libraries (Christ et al., 2007; Arbabi-Ghahroudi et al., 2009b) . Finally, the Kunkel method of mutagenesis employed here presents a convenient option for making protein variant repertoires with conservative mutations, as in the instance of in vitro affinity maturation libraries.
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Supplementary data are available at PEDS online.
